Object. Oxyhemoglobin (OxyHb) released from hemolysed erythrocytes has been considered to be responsible for cerebral vasospasm after subarachnoid hemorrhage. The authors previously reported that OxyHb produced apoptosis in cultured vascular endothelial cells. The change in intracellular Ca ++ homeostasis was expected to be one of the possible mechanisms of the cytotoxic effects of OxyHb. This study was undertaken to investigate the protective effects of Ca ++ -channel blockers on OxyHb-induced apoptosis.
Methods. Cultured bovine coronary artery and brain microvascular endothelial cells (passages 5-9) were used. A cell density study, immunohistochemical staining, and DNA fragmentation analysis were performed to confirm apoptosis. Various concentrations (1-50 M) of OxyHb were used for 24-to 72-hour incubations with and without Ca ++ -channel blockers.
Oxyhemoglobin produced cytotoxicity leading to cell detachment from the culture dish in time-and concentration-dependent manners. The highest dose (50 M) of OxyHb produced cell detachment after a 24-hour incubation, and the lower doses (1-10 M) produced cell detachment after 48 to 72 hours. Immunohistochemical analysis showed that apoptosis occurred in cells that were still attached to the side of the culture dish after 48 to 72 hours of OxyHb treatment (5 M). The OxyHb (10 M) produced DNA ladders at 48 to 72 hours. Three Ca ++ -channel blockers were used to prevent the toxic effect of OxyHb. The voltage-dependent Ca ++ -channel blocker nicardipine (1 M), the voltage-independent Ca ++ -channel blocker econazole (10 M) , and the inorganic Ca ++ -channel blocker lanthanum (100 M) all failed to prevent cell detachment or DNA ladders produced by OxyHb. These results were similar in both cell lines.
Conclusions. Oxyhemoglobin produced apoptotic changes in cultured vascular endothelial cells, and Ca ++ -channel blockers did not prevent OxyHb-induced apoptosis. experiments. During treatments with each Ca ++ -channel blocker with or without OxyHb, the cells were incubated in complete medium with 1% fetal bovine serum.
KEY WORDS

Preparation of OxyHb
The OxyHb was prepared according to the procedures described by Martin and associates. 11 Briefly, human hemoglobin was reduced to OxyHb by using a 10-fold molar excess of sodium dithionate. The sodium dithionate was later removed by dialysis against 200 vol normal saline for 18 hours at 4˚C. The normal saline was replaced every 6 hours. The concentration of the OxyHb was determined spectrophotometrically. The OxyHb was stored at Ϫ80˚C before use.
Cell Density Assay
Cell viability was determined by counting the number of cells adhering to the culture dish. The counting method was performed in a manner previously described 8 with some modifications. Cells (BCAECs and BBMvECs) were seeded at a density of 5 ϫ 10 
Immunohistochemical Study
Subconfluent BCAECs (75% confluent in a 100-mm dish) were incubated with 5 M OxyHb in 1% serum endothelial basal cell medium for 48 or 72 hours. After incubation, the medium was removed and the cells were fixed in acetone/methanol (3:7) for 5 minutes. After fixation, 0.1% bovine serum albumin in TBS (pH 7.4) was added to the cells. After 10 minutes, the cells were washed three times with TBS, and a blocking buffer (5% normal goat serum in TBS) was added to the cells for 15 minutes. The cells were rinsed three times with TBS and exposed for 1 hour to the primary antibody (in the following dilutions: anti-bax, 1:20; anti-bcl-2, 1:20; anti-fas, 1:40) at room temperature. Then the cells were rinsed three times in TBS and overlaid for 1 hour with a secondary antibody (biotinylated anti-mouse immunoglobulin G, 1:200). After incubation with the secondary antibody, the cells were rinsed three times with TBS. Bound antibody complexes were detected using streptavidin-alkaline phosphatase reacted with red substrate (60 minutes). The cells were dried and mounted with coverslips.
Deoxyribonucleic Acid Fragmentation Analysis (DNA Laddering)
After incubation, the cells (BCAECs and BBMvECs) were scraped and collected by centrifugation at 500 G for 5 minutes at 4˚C. Genomic DNA isolation was performed as specified by the manufacturer's protocol. The extracted DNA (each 20 g) was analyzed in 1.5% agarose gel electrophoresis fractionation. The gel was then examined under ultraviolet light by using ethidium bromide staining for visualization and photographed in a manner described previously. 17 
Statistical Analysis
All data are expressed as the means Ϯ standard error of the mean. Statistical analyses were performed using unpaired Student's t-test. A probability value of less than 0.05 was considered significant.
Sources of Supplies and Equipment
The BCAECs were purchased from BioWhittaker (Walkersville, MD), which also provided the endothelial cell growth medium and endothelial cell basal medium. The BBMvECs were purchased from Cell Systems Corp. 
Results
Effects of OxyHb on Viability of Vascular Endothelial Cells
The cytotoxicity of OxyHb was examined at various concentrations of OxyHb (1, 5, 10, and 50 M) at 24, 48, and 72 hours in the cell density study. Oxyhemoglobin produced a decrease in the number of adherent BCAECs and BBMvECs in concentration-and time-dependent manners ( produced cell detachment after 24 hours, and the lower doses of OxyHb (1-10 M) produced cell detachment at 48 to 72 hours. The BCAECs displayed more sensitive cytotoxicity to the low concentration of OxyHb than the BBMvECs.
Immunohistochemical Staining
To determine if apoptosis occurred in the presence of a low concentration of OxyHb in cells that were still attached to the culture dish, we used an immunohistochemical procedure to detect the expressions of fas, bcl-2, and bax in BCAECs subjected to OxyHb treatments. In control cells there was a significant expression of bcl-2, whereas expressions of fas and bax were low and at the detection limit. Oxyhemoglobin (5 M) significantly increased fas and bax expression and decreased the amount of bcl-2 expression to almost nondetectable levels in BCAECs. The effect of OxyHb followed a time-dependent pattern; the effect was more pronounced at 72 hours than at 48 hours (data not shown). Examples of immunohistochemical staining are provided in Fig. 2 .
Effects of Ca ++ -Channel Blockers on OxyHb-Induced Apoptosis in Vascular Endothelial Cells
The effects of Ca ++ -channel blockers on OxyHb-induced apoptosis were estimated using the cell density assay and the DNA fragmentation analysis. The voltagedependent Ca ++ -channel blocker nicardipine (1 M), the voltage-independent Ca ++ -channel blocker econazole (10 M), and the inorganic Ca ++ -channel blocker lanthanum (100 M) were used in the present study.
The cell density study showed that nicardipine did not produce any effects on OxyHb-induced apoptosis in either BCAECs and BBMvECs at any concentrations of OxyHb at any incubation time. Econazole and lanthanum also did not produce protective effects, but they enhanced the cytotoxicity of OxyHb at 48 and 72 hours in both cell lines (Fig. 3) . Figure 4 shows the results of the DNA fragmentation analysis. Oxyhemoglobin (10 M) produced DNA ladders at 72 hours (Lane 3) in both cell lines. However, the DNA ladders also appeared after incubations with each Ca ++ -channel blocker (Lanes 4-6) in both cell lines.
Discussion
Damage to Endothelial Cells After SAH
Several authors have noted ultrastructural changes in the endothelium of cerebral arteries after SAH, including cellular distortion, formation of intracellular vacuoles, disruption of tight junctions, and widening of interendothelial spaces. The damage may lead to detachment of endothelial cells. 3, 5, 22 Numerous physiological changes have been demonstrated in damaged cerebral endothelium, including alteration in prostaglandin metabolism, increased permeability, and diminished secretion of the endothelium-dependent relaxation factor. 4, 22, 23 The smooth-muscle layer might be exposed to neurotransmitters, toxins, and other vasoactive agents in the blood stream through the damaged endothelium barrier, followed by an enhanced response of vessel contraction. Furthermore, damaged endothelial cells may initiate thrombogenesis, cause thrombotic embolic infarction, and worsen the ischemic symptom of cerebral vasospasm. Hence direct damage to endothelial cells is considered to be responsible for the pathogenesis of cerebral vasospasm after SAH, and OxyHb is considered to play a key role in the process of endothelial cell damage.
9,17,24
Oxyhemoglobin-Induced Apoptosis in Endothelial Cells
We previously reported that exposure of vascular endothelial cells to OxyHb induced apoptotic changes. 17 This is of crucial importance for understanding the pathogenesis of cerebral vasospasm and for formulating therapeutic strategies to treat cerebral vasospasm. However, our previous study left some unanswered questions. First, the incubation time of cells with OxyHb is within 24 hours, and that is not consistent with the time course of vasospasm. Second, a high concentration of OxyHb (100 M) was used in most studies that have been reported, and there is no evidence that endothelial cells may be exposed to that level of OxyHb. Thus, our present study was intended to demonstrate: 1) the apoptotic effect of lower concentrations of OxyHb; 2) the apoptotic effect of OxyHb treatment for up to 3 days; 3) the characterization of apoptotic changes in cells that are still attached to the culture dish; and 4) the potential preventative effect of Ca ++ -channel blockers.
As reported previously, high concentrations of OxyHb (100 M) induced apoptosis within 24 hours. 17 In our current study, we clearly demonstrated that OxyHb in concentrations as low as 1 to 5 M can induce apoptosis after 48 to 72 hours. This new finding has a critical impact on the interpretation of the pathogenesis of cerebral vasospasm. During cerebral vasospasm, a patient's subarachnoid space contains 30 to 500 M of hemoglobin, and there is approximately 50 M of OxyHb in a subarachnoid blood clot. 20 Even though it is not clear how much OxyHb can pass through the vessel wall, it can be speculated that as much as 1 to 5 M OxyHb could make direct contact with the endothelium.
The current study demonstrated that OxyHb-induced apoptotic changes have their origin in cells that are still attached to the culture dish 2 to 3 days after initiation of experimental manipulations. Immunohistochemical staining protocols revealed that OxyHb (5 M) treatment increased fas and bax expression in cultured vascular endothelial cells and decreased bcl-2 expression, a finding that is consistent with the onset of apoptosis. An increase in fas expression predicts impending apoptosis, 2, 25 bax has been shown to accelerate apoptosis, and bcl-2 is thought to exert its antiapoptotic function by heterodimerizing with bax. 18, 29 A decrease in bcl-2 and increases in bax and fas indicate that cells were beginning to undergo apoptosis even though, morphologically, the cells were still attached to the dish. Apoptotic responses obtained in the presence of low concentrations of OxyHb after a prolonged incubation time were confirmed by DNA laddering, another specific biochemical hallmark of apoptosis. 28 Oxyhemoglobin (10 M) produced apparent DNA fragmentation in cultured vascular endothelial cells (BCAECs and BBMvECs). These combined results indicate that OxyHb induces apoptosis in time-and concentration-dependent manners in both peripheral and cerebral endothelial cells. The results of this study are also consistent with those of our previous study, in which we used bovine aortic artery endothelial cells. 17 The current study, in which a lower concentration of OxyHb and a prolonged incubation time were used, more closely reflects the clinical situation and mimics the time course of cerebral vasospasm. ] i has been linked to apoptosis in a number of experimental models. Calcium regulates several key steps in the apoptotic pathway, from early signaling events to the chromatin cleavage that appears to mark an irreversible commitment to cell death in different cell types. 14, 16, 27 In the present study, three types of Ca an inorganic Ca ++ -channel blocker-were used to investigate the role of Ca ++ channels in OxyHb-induced apoptosis. We chose these concentrations of Ca ++ -channel blockers on the basis of past reports showing significant blocking effects against Ca ++ entry into cerebral smoothmuscle cells. 6, 30 We chose nicardipine instead of nimodipine in this study because nicardipine is a safe Ca ++ antagonist that exerts a powerful cerebrovascular activity. 21 Nicardipine is a dihydropyridine that blocks the voltage-dependent Ca ++ channel by binding to the ␣ 1 subunit of the channel protein from outside the plasma membranes. Because it is generally accepted that endothelial cells of conduit vessels are devoid of a voltage-dependent Ca ++ channel, it is plausible that nicardipine had no effects on OxyHb-induced apoptosis in endothelial cells. The P450 inhibitor econazole has been used as an inhibitor of voltage-independent Ca ++ entry into many cells. 30, 31 Second, the blockade of the Ca ++ channels has no prophylactic effect on OxyHb-induced apoptosis, as shown in this study, even though it has been reported that dihydropyridines, including nicardipine, provide endothelial cytoprotective effects against free radical injury and that the protective effects of these drugs are not due to blockade of Ca ++ influx. 10 Third, the long-term change in Ca ++ homeostasis induced by Ca ++ -channel blockers can induce cytotoxicity. We have demonstrated that OxyHb produced apoptotic changes in time-and concentration-dependent manners in cultured bovine endothelial cells and that Ca ++ -channel blockers did not attenuate the toxic effect of OxyHb. These results were similar in both BCAECs and BBMvECs. The results of the present study suggest that critical signal transduction pathways of OxyHb-induced apoptosis in endothelial cells remain to be identified but are Ca ++ independent. Another possible mechanism is free radical generation. The autooxidation of OxyHb to methemoglobin generates active species of oxygen, including the superoxide ion, the hydroxyl radical that is formed by the reaction of bivalent iron with hydrogen peroxide, and other active forms of oxygen, such as the ferryl ion, the perferryl ion, and the peroxyradical. 15 The possible role of free radicals in OxyHb-induced apoptosis in endothelial cells requires further investigation. 
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